ABSTRACT Electric mechanical transmission (EMT) is a low-cost production for the electric vehicle to expend its torque and speed. Gear shifting is the essential function of EMT, but it is a multi-stage process with nonlinearity and uncertainty. In practice, gear shifting control is a difficult problem because of the bad consistency and large shift shock. Hence, a single control method is hard to solve it with satisfying performance. In this paper, motivated by the analysis of experimental results, a novel multi-stage gear shifting control scheme is proposed to improve shifting position tracking performance and decrease shift shock. First, the entire process is divided into three stages and each stage is modeled based on historical data and theoretical analysis. Then, a multi-stage scheme is designed, which is composed of iterative learning control (ILC), linear quadratic regulator (LQR), and H 2 control based on Takagi and Sugeno (T-S) model corresponding to each stage. Finally, the feasibility and effectiveness of the proposed scheme are verified by bench experiments, which might provide guides for the engineering application of the EMT.
I. INTRODUCTION
Electric mechanical transmission (EMT) is basically an mechanical transmission (MT) with the integration of electromechanical actuator [1] , [2] , which combines the high efficiency, low cost of traditional MT, with the convenience of automated transmission (AT) [3] . Two key technologies of EMT are the clutch control and gear shifting control [4] , [5] . When it is used in an vehicle with internal combustion engine, the gear shifting control should coordinate the clutch control, and because the torque and speed response of engine is not fast and precise enough the gear shifting quality usually not satisfying [6] . With the increasing popularity of electric vehicle (EV), EMT offers great potential in enhancing the speed and toque range of EV and letting driving motor consistently work in high efficiency area [7] . Because the torque and speed of EV's motor can be controlled precisely, the clutch is canceled [8] - [10] . Meanwhile, some types of hybrid electrical vehicle (HEV) also adopt the solution of using EMT The associate editor coordinating the review of this manuscript and approving it for publication was Ding Zhai. as transmission to enhance the dynamic and economic performance [11] - [13] . When it is used in HEV, the clutch of EMT is always controlled for mode transition [14] .
However, the gear shifting process of EMT suffers from many problems, and one of the main problem hindering the further research about the performance of entire process is the modeling difficulty. That is because the gear shifting is a very complicated multi-body dynamic process with considerable motional uncertainty [15] , and the process should be divided into several stages which have quite different characteristics [16] . Based on our knowledge, very few studies researching gear shifting process are based on its accurate mathematical model. Instead, some studies used estimators to estimate details of the gear shifting process and then compensated the control input to overcome the modeling difficulty of system [17] , and others regarded this process as a disturbance and then eliminated its influence based on robust controllers to bypass the analysis of system uncertainties [18] . In most cases, related studies only consider the effect of clutch, while the gear shifting process is simplified or even ignored [19] , [20] . Therefore, the analysis of gear shifting process is still in demand and essential to adopt new methods to solve the modeling problem.
Other problems such as the ride comfort, rapidity of operation and durability of mechanical parts are still severe. Many studies have made great efforts in addressing them. S. Lin et al. proposed a four-stage gear shifting engagement control to decrease the frictional work of synchronization and the shock integrity of whole vehicle [21] . C. Tseng et al. designed a robust position control scheme for gear-shift actuators by analyzing dynamic characteristics of synchronizer and synchronization process [22] . However, related studies mainly focus on synchronization process, while exploit little about other stages. Hence, control problem of the whole gear shifting process has not been solved perfectly.
In recent decades, the repetitive process has attracted considerable attention [23] , [24] . Its nature enables a controller to learn from previous iterations and modify the control input to reduce tracking error. Iterative learning control (ILC), one of the most efficient methods, is widely studied [25] , [26] . As a matter of fact, the gear shifting process belongs to such condition and can obtain optimal performance by using ILC, which is seldom considered in related studies. Meanwhile, after synchronization, gear shifting process becomes very complex and usually generates second bump [15] , whose nonlinear characteristics motivate us to adopt Takagi and Sugeno (T-S) fuzzy system to address this problem. T-S fuzzy model is a powerful way to cope with nonlinear problems by using a group of linear models to describe nonlinear systems, and benefit to design controller [27] , [28] . Therefore, based on the prior knowledge and the analysis of experiment data gleaned from repetitive gear-shift processes, ILC and T-S methods are employed and compensated mutually to control such process by taking shift qualities into consideration.
The innovations of this paper are listed below: 1) The entire gear shifting process is divided into three stages by a new way different from previous studies. 2) Iterative learning control (ILC) is firstly introduced to optimize control performance of gear shifting process.
3) The post-synchronization stage is firstly described by a Takagi and Sugeno (T-S) fuzzy system with parameter uncertainty, which is transformed into solving a linear matrix inequality problem. The rest of this paper is organized as follows: Section II analyses the gear shifting process and constructs the model using different methods. In section III, a multi-stage controller is proposed to improve shift qualities. After that, section IV gives experimental results to verify the control scheme. Finally, the conclusion is outlined in section V.
II. ANALYSIS AND MODELING
The gear shifting process involves motions of the sleeve, synchro ring, engaged gear and so on. Based on the analysis of previous literatures [29] , [30] , and experimental results, some stages can be merged into one according to characteristics of each stage and proposing control schemes. In this paper, the entire process is divided into three stages, and the corresponding experimental data is illustrated in Fig. 1 . In this paper, all the experiments are repeated for several times, so there are several curves in Fig. 1-8 . By this way, the consistency of gear shift control scheme could be verified.
A. THE PRE-SYNCHRONIZATION STAGE
In this stage, the sleeve and slider move axially with little resistance until they come into contact with the synchro ring. Compared with other stages, the resistance in this stage maintains constant, but diverges gradually as the sleeve approaches synchro ring, which is shown in Fig. 1(b) . Hence, we use the following equation to describe the model of this stage:
where k = 1, . . . , N is the repeated index, t = 0, 1, . . . , M represents the time interval of each process, u k (t) and y k (t) are the sampled input and output at time interval t of the k-th repeated process. y k (t) can be represented as angular velocity of the sleeve in synchronization stage or displacement in other two stages. The polynomials A(q −1 , t) = 1 + a 1 (t)q −1 + . . . + a n (t)q −n , and B(q −1 , t) = b 1 (t)q −1 + . . . + b m (t)q −m . These parameters are supposed to be time-varying, and ω k (t) is used to weight the unknown Gauss-liked disturbance. Based on characteristics of gear shifting, we can use several parameters to illustrate the entire system. Although modeling uncertainties and disturbance are unavoidable, we expect to obtain the optimal results at the end after many iterations.
In order to identify unknown parameters, the system model can be rewritten as:
where
Then we can use least square regression method to identify the parameter θ(t) from the known historical u k (t) and y k (t):θ
where k (t) and Y k (t) are matrices composed of k groups of corresponding column vectors defined in (2) from the beginning to the k-th process. (3) gives the estimation of parameters at each time step, and it can be extended to solve all time-varying parameters at all-time steps during the process.
Once the sleeve comes into contact with the synchro ring, the velocity of sleeve will slow down suddenly, which would yield a shock imposing on the synchro ring. Therefore, modulating the velocity of sleeve at the end of this stage will exculpate the synchro ring from a shock, which will be the objective of controller illustrated in Section III.
B. THE SYNCHRONIZATION STAGE
During this stage, the sleeve cannot go ahead before the frictional torque resulted from the relative motion of synchro ring and engaged gear becomes zero, which is illustrated in Fig. 1(a) . The synchro ring, input shaft and other auxiliary parts connected to the input shaft can be simplified as a two-order system [15] :
where J s and B s represent the equivalent inertia and damping coefficient of input parts, ω s =θ s is the angular velocity of synchro ring, and T s is the frictional torque. In this stage, the angular velocity of engaged gear ω c is the objective trajectory. Because the gear shifting is executed quickly, ω c can be regarded as a constant. From the induction in Appendix, increasing the frictional torque will shorten synchronization time, but it will also increase frictional work. Hence, we need to weight their influence.
C. THE POST-SYNCHRONIZATION STAGE
In order to divorce from the difficulty of detecting and switching among different stages, this stage entails the rest part of entire process. Due to uncertain relative spatial positions of the sleeve and engaged gear, the resistance and displacement of this stage vary in different processes, as Fig. 1 shows. Meanwhile, considering the displacement of sleeve is similar to first-order responsive system, the single input single output (SISO) T-S fuzzy model is adopted to describe the system: (5) where x = s r − s(t) represents displacement tracking error, s r and s(t) are desired and current displacement of the sleeve. θ(t) is known premise variable and the function of time. µ i [θ (t)] is regarded as the normalized weight of each model rule. r is the number of model rules, a i and b i are known constants that describe the nominal system. represents modeling uncertainty, which is 2-norm bounded with the form as:
is the set of model rules. Except the unknown time-varying variable F(t), which is subjected to Lebesgue measurable element and satisfies F(t) 2 ≤ 1, the other matrices are known constants that specify how uncertainty influences the nominal system.
We define the controlled output z as the combination of tracking error and its second derivative:
T where the second term is the acceleration of the sleeve, which indirectly represents energy consumption of control inputs. Then, the T-S fuzzy model is inferred from (5) as:
where ν(t) is the norm-bounded Gaussian process noise, and the rest of matrices can be calculated from the definition easily. It is obvious that uncertainty has the similar structure with the aforementioned definition as follows:
where these matrices with appropriate dimensions in the right part of the equation are known. As with the load force shown in Fig. 1(b) , second bumps are usually inevitable, and cause shocks and noises. By utilizing historical information and fuzzy rules, we can distribute shocks caused by a solo gear shifting process to many processes, and lower shocks of each process.
D. THE SWITCH CONDITION AMONG STAGES
Because the above three stages are isolated, it is essential to determine how to switch stages from one to another. Since objective of the first stage is to track desired trajectory, it can be used to mark the beginning of synchronization stage. Meanwhile, when the sleeve moves over that position, the post-synchronization stage is triggered.
III. MULTI-STAGE CONTROLLER DESIGN
In this section, iterative learning control (ILC) is adopted to control the first stage. After many iterations, it is promising that the influence of modeling uncertainties and disturbance can be decreased efficiently. Based on the model of synchronization stage, linear quadratic regulator (LQR) method is used to weight the influence of frictional work and synchronization time. While H 2 controller is used to address the Takagi and Sugeno (T-S) fuzzy model with uncertainties.
A. ITERATIVE LEARNING CONTROL
The system can be rewritten with the form of mapping from input to output as:
and G is a Toeplitz-liked matrix with time-varying elements, which are calculated though mathematical induction as:
From the above definition, it is easy to construct matrix G. In order to minimize output error and the change rate of the command input, the object function is given as:
whereQ andR are weighting diagonal matrices. By setting the partial differentiation of J with respect to U k+1 being zero, we get:
B. LQR CONTROL
Define the following objective function as: (10) where T max is the maximum frictional torque that actuator motor can supply, λ 1 and λ 2 are the weighing coefficients. The first term represents the frictional work in the synchronization stage and the second term indirectly reflects the requirement of synchronization time t f . In order to shorten t f as much as possible, T s is required to approach T max , which in turn will increase the frictional work. By using variation principle and Hamiltonian principle, the optimal trajectory of the objective function can be solved as:
where T b s is the desired minimum frictional torque, and
The optimal frictional torque is expected to decrease as time passes by. Because the sleeve stops moving in this stage, there is a one-to-one correspondence from control inputs to frictional torque with a ratio κ, which can be described as:
where R a is the armature resistance, K t is the torque coefficient, r is the magnification coefficient of load torque from the actuator motor to the force imposing on sleeve, η is the efficiency of actuator, µ R s and α are the friction coefficient between cone surfaces, equivalent cone radius and the angle of synchro ring, respectively.
C. H 2 CONTROL
Because all states of T-S fuzzy model are measurable, the following fuzzy state feedback controller is proposed:
where K i , i ∈ is the feedback gain to be determined. Then the closed-loop T-S fuzzy model is obtained as:
wherē
Definition 1:
The T-S fuzzy model with state feedback controller is assumed to be quadratically stable if there exists a positive definite symmetric matrix P such that:
for all µ i [θ (t)] and F(t) satisfying aforementioned suppositions.
Remark 2:
It is easily to observe that if the fuzzy system is quadratically stable, then the system is globally asymptotically stable for all admissible uncertainties, which can be guaranteed by the Lyapunov stability theory. The Lyapunov function is constructed as:
Then its derivative satisfies:
for all x(t) = 0. Furthermore, if there is no noise, the H 2 performance index yields:
Correspondingly, if the Gaussian process noise ν(t) is norm-bounded, the H 2 performance index satisfies J 2 < ∞ for all admissible parameter uncertainties.
The following theorems provide a method to design the fuzzy controller for the system based on linear matrix inequality (LMI) tool.
Theorem 1: The matrix P is a quadratically stable matrix for the T-S fuzzy model and the fuzzy state feedback controller is an H 2 controller if and only if there exist constants γ 1 > 0, γ 2 > 0 such that: (18) where * represents the corresponding transposition item. Proof: Define
and a quadratical function
According to the definition 1, the matrix P satisfies:
for all x(t) = 0 and F(t). Furthermore, we have:
Therefore, the condition is equivalent to the existence of positive constants γ 1 , γ 2 such that:
for all non-zero pairs {x, ξ, η}. Then the condition can be rewritten as:
which implies < 0, and using the Schur complement, this inequality is equivalent to (18) .
Theorem 2: The closed-loop T-S fuzzy system utilizing the fuzzy state feedback controller is quadratically stable if and only if there exist constants γ 1 > 0, γ 2 > 0, a positive definite symmetric common matrix X and matrices Y l , l ∈ satisfying the following LMIs:
where ijl is defined as:
and feedback gains of controller is given by:
Noticing the constraint, and the inequality in Theorem 1 can be written as:
Pre-and post-multiplying both sides of the inequality by diag{P −1 , I , I , γ 1 I , γ 2 I , I } and denoting X = P −1 ,
which is equivalent to
Obviously, if the LMIs hold for γ 1 > 0, γ 2 > 0 and Y l , l ∈ , then the inequality is satisfied, which implies that the condition holds. Thus, the closed-loop T-S fuzzy system utilizing the fuzzy state feedback controller is quadratically stable.
Remark 3: The design problem of state feedback controller is then transferred into solving the LMIs problem through Theorem 2.
Remark 4: The controller of each stage is independent of other controllers. Hence, as long as the closed-loop stability of each stage controller is ensured, the whole control process will be stable. The pre-synchronization stage and synchronization stage are regarded as linear systems, so their stabilities are easy to prove. Besides the stability of post-synchronization stage with H 2 control is also proved. Hence, the entire closed-loop stability can be ensured.
IV. EXPERIMENT RESULTS
To verify the feasibility of proposed method, the test bench is used, which is shown in Fig. 2 . The principle of this test bench is: The direct current (DC) motor drives the screw and leads the nut to move axially, which pushes or pulls the fork to realize gear shifting. The displacement sensor and force sensor are added to measure the displacement and gear shifting load force of the sleeve, and the encoder is convenient to measure angular velocity of the DC motor. The relevant parameters of actuator are shown in Table. 1.
In order to simulate the real vehicle working condition, the permanent magnet synchronous motor (PMSM) used as the driving motor and fly wheel as inertia are adopted. In the experiment, we firstly control the PMSM to rotate at fixed speed. After the fly wheel runs stable, we control the PMSM to output zero torque, then launch the gear shifting. By controlling the PMSM to generate different speeds, and supposing that the fly wheel's speed remains constant during gear shifting, it is favorable for us to precisely identify system parameters and construct the gear shifting model.
The actuator is controlled by the transmission control unit (TCU), which uses pulse width modulation (PWM) to provide the desired control voltage for actuator motor, and 1kHz sampled rate of control inputs and outputs is set in this experiment.
A. THE PRE-SYNCHRONIZATION STAGE
The following type of gear shifting force is considered:
where F s and F max are actual and the maximum gear shifting force that actuator can provide, v s and v max are the current and maximum velocity of the sleeve. Then we can modify F max and v max to obtain different types of desired trajectories. Given the F max = 400N and v max = 0.1m/s, and by controlling the sleeve to track this desired trajectory under initial control inputs, the shock on synchro ring is effectively controlled at the end of pre-synchronization stage, which is shown in Fig. 3(a) . At the same time, the performance under PID control input is shown in Fig. 3(b) , where the load force in the vicinity of 0.05s reaches 600 N, then it becomes smaller, and generates shock. Because the impulse signal of force sensor is filtered, the actual force is bigger than 600N. Therefore, the pre-synchronization model based on historical data is proved to be feasible.
Given weights Q = 300I , S = 0.2I and R = 5I , the tracking error along with iterations of the pre-synchronization stage is shown in Fig. 4 . It is obvious that after 6 iterations, tracking error gradually converges, which implies that ILC provides powerful means to reduce tracking error.
B. LQR CONTROL
The control parameters used in this stage are: λ 1 = 20, λ 2 = 1 and T b s = 0.8T max . The comparison of frictional work during synchronization stage using optimal control and under PID control input is shown in Fig. 5 , where numbers on the top of histograms represent the synchronization time (measured in seconds). Group one is the performance of optimal control, where less frictional work is made with a little increase of synchronization time. Because the measured angular velocity of input shaft is a little fluctuant, and the angular velocity of fly wheel decreases slightly in practice, these phenomena lead to the fact the same synchronization time corresponds to different frictional work, but the tendency shows the higher frictional work in Group two.
By adjusting weighing factors, different results can be obtained, which can satisfy the gear shifting requirements of different drivers. 
C. H 2 CONTROL
We extract three rules from the experimental data of upper and lower boundaries, and one of the internal curves to construct the T-S fuzzy model. And the actual displacement curves and results of their first-order descriptions are shown in Fig. 6 . It is clear that the assumption used for constructing fuzzy model is feasible. and by selecting the triangular membership function, then the control performance of H 2 control is shown in Fig. 7 . Second bumps occur randomly, which cannot be avoided completely. But their magnitude and overshoot are kept at a low level in the case of fast engagement, and sleeve moves smoothly with no noticeable oscillation. Based on PID control, corresponding results are shown in Fig. 8 . Because the information of model is not used, second bumps is difficult to control, some of them may be large. And the average force (dot-line curve) is bigger than that under proposed method. 
V. CONCLUSION
In this paper, a multi-stage control strategy is proposed to improve gear shifting qualities in EMT. By analyzing the entire process, we divide it into three stages and use historical data to reconstruct the piecewise gear shifting model, which is verified by experimental results. What's more, we firstly introduce the iterative learning control (ILC) to solve the repetitive gear shifting process. By utilizing the mathematical model of synchronization stage, LQR method is adopted to weighting frictional work and synchronization time. Meanwhile, considering uncertainties of post-synchronization stage, Takagi and Sugeno (T-S) fuzzy model is adopted to cope with such problem. These methods constitute the control scheme of this paper, whose feasibility and efficiency are illustrated by experimental results and comparison with other methods. In the future, we will consider to use universal model to describe the entire process, and extend the ILC to entire process.
